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Abstract NF-Y is a heterotrimeric transcription factor complex.  Each of the NF-Y 
subunits (NF-YA, NF-YB and NF-YC) in plants is encoded by multiple genes.  Quantitative 
RT-PCR analysis revealed that five wheat NF-YC members (TaNF-YC5, 8, 9, 11 & 12) were 
upregulated by light in both the leaf and seedling shoot.  Co-expression analysis of 
Affymetrix wheat genome array datasets revealed that transcript levels of a large number of 
genes were consistently correlated with those of the TaNF-YC11 and TaNF-YC8 genes in 3-4 
separate Affymetrix array datasets. TaNF-YC11-correlated transcripts were significantly 
enriched with the Gene Ontology term photosynthesis.  Sequence analysis in the promoters of 
TaNF-YC11-correlated genes revealed the presence of putative NF-Y complex binding sites 
(CCAAT motifs).  Quantitative RT-PCR analysis of a subset of potential TaNF-YC11 target 
genes showed that ten out of the thirteen genes were also light-upregulated in both the leaf 
and seedling shoot and had significantly correlated expression profiles with TaNF-YC11.  The 
potential target genes for TaNF-YC11 include subunit members from all four thylakoid 
membrane bound complexes required for the conversion of solar energy into chemical energy 
and rate limiting enzymes in the Calvin cycle.  These data indicate that TaNF-YC11 is 
potentially involved in regulation of photosynthesis-related genes. 
 
Keywords Nuclear Factor Y, target gene, transcriptional regulation, CCAAT-box, wheat, 
photosynthesis 
 3 
Introduction 
 
Light is one of the most important environmental stimuli to plants, triggering the 
reprogramming of nuclear gene expression through complex biological pathways.  Plants 
sense the quality, quantity, direction and duration of light through four distinct families of 
photoreceptors: phytochromes, cryptochromes, phototropins and unidentified ultraviolet B 
photoreceptor (Christie 2007; Li et al. 2007; Bae et al. 2008).  These photoreceptors trigger 
effectors such as transcription factors (TFs), kinases, phosphatases and degradation-pathway 
proteins (Chen et al. 2004).  TFs are of particular interest as they act as master-controllers, 
capable of regulating multiple genes within their transcriptional networks.  Light signalling 
induces differential expression of at least 20% of all Arabidopsis and rice genes (Jiao et al. 
2005) and as many as 26% of the 1363 TF genes found in Arabidopsis are differentially 
expressed in developing seedlings in response to blue light (Jiao et al. 2003). 
 Several studies have suggested that the Nuclear Factor Y (NF-Y) family is involved in 
light-mediated gene regulation (Kusnetsov et al. 1999; Miyoshi et al. 2003; Warpeha et al. 
2007).  Kusnetov et al. (1999) have shown that assembly of the NF-Y complex at the 
CCAAT-box in the spinach AtpC promoter is regulated by light.  In rice three NF-YB proteins 
(OsHAP3A-C) regulate a number of photosynthesis genes including a chlorophyll-a/b binding 
protein (CAB) and the small subunit of Rubisco (RBCS) (Miyoshi et al. 2003). Furthermore, 
rice plants with antisense or RNAi constructs of OsHAP3A have reduced chlorophyll content 
in the leaves and degenerated chloroplasts (Miyoshi et al. 2003).  In Arabidopsis NF-YA5 and 
NF-YB9 have been shown to be involved in the regulation of light-harvesting chlorophyll a/b 
binding protein (Lhcb) (Warpeha et al. 2007). 
 Some plant NF-Y subunits can interact with other light-regulated TFs such as 
CONSTANS (CO; a zinc finger TF) (Wenkel et al. 2006).  A tomato NF-YC member 
(THAP5a) can bind either tomato CONSTANS-like 1 (TCOL1) or Arabidopsis thaliana CO 
(AtCO) (Ben-Naim et al. 2006).  Furthermore, the yeast HAP2/3/THAP5a complex is capable 
of recruiting TCOL1 to the HAP-responsive CCAAT-box sites in the yeast HEM1 and CYC1 
genes (Ben-Naim et al. 2006).  Several Arabidopsis NF-YB and NF-YC members (AtLEC1, 
AtL1L, AtHAP3a-c & AtHAP5a-c) can bind to both AtCO and AtCOL15 in a yeast two-
hybrid system, while interactions between AtHAP3a and AtHAP5a with AtCO have been 
demonstrated both in vitro and in planta (Wenkel et al. 2006).  Over-expression of AtHAP3b 
in Arabidopsis promotes early flowering and increases the expression of flowering time genes 
FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 
(SOC1, a MADS TF) (Cai et al. 2007).  Furthermore, Arabidopsis mutants, hap3b-1 and 
hap3b-2 have reduced expression of FT and exhibit delayed flowering under long days and 
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osmotic-stress conditions (Chen et al. 2007).  In Arabidopsis NF-YB2 and NF-YB3 have been 
shown to play additive roles in the promotion of flowering by inductive long-day 
photoperiods (Kumimoto et al. 2008). 
 NF-Y is a heterotrimeric complex which binds specifically to the cis-acting CCAAT-
box elements which is one of the most ubiquitous promoter elements in eukaryote genomes 
(Bucher 1990; Mantovani 1998).  The three NF-Y subunits, NF-YA (HAP2/CBF-B), NF-YB 
(HAP3/CBF-A) and NF-YC (HAP5/CBF-C) are defined by their highly conserved core 
regions, containing residues necessary for DNA and protein interactions.  In contrast to 
mammals and yeast, each of the three NF-Y subunits is encoded by gene families in plants.  
Arabidopsis NF-YA, NF-YB and NF-YC subunit families have 10, 13 and 13 members, 
respectively (Siefers et al. 2009).  Similar sizes of NF-Y subunit families have been reported 
in wheat and rice (Stephenson et al. 2007; Thirumurugan et al. 2008).  Although there is an 
expansion of the NF-Y family in plants, several NF-Y subunit members form functional 
trimeric complexes with mammalian and/or yeast NF-Y subunits (Edwards et al. 1998; Ben-
Naim et al. 2006; Park 2006; Kumimoto et al. 2008).  These findings indicate a high level of 
functional conservation in the recognition of the CCAAT-box among NF-Y members from 
various divergent species.  Any functional specialisation of individual plant NF-Y subunit 
members in the formation of heterotrimer complex and their DNA-binding specificity remain 
to be demonstrated. 
 Although functional CCAAT-boxes have been identified in the promoters of 
photosynthesis-related genes (Kehoe et al. 1994; Kusnetsov et al. 1999), the role of NF-YC 
members in regulation of photosynthetic genes is currently unknown.  This study aims to 
identify light-responsive members of the NF-YC family in wheat and investigate their 
potential roles in light-mediated gene regulation, with particular attention to the regulation of 
photosynthetic genes.  The Triticum aestivum NF-YC (TaNF-YC) family comprises at least 
14 genes, some of which are expressed predominantly in the leaf (Stephenson et al. 2007).  
We have identified five NF-YC genes which are significantly upregulated by light in wheat.  
Co-expression analysis using public Affymetrix wheat genome array datasets and quantitative 
RT-PCR revealed the potential role of the light-upregulated TaNF-YC11 in regulation of a 
number of photosynthesis-related genes. 
 
Materials and methods 
 
Plant materials and treatments 
Spring wheat (Triticum aestivum L. cv. Babax) plants were grown in a controlled-
environment growth room in 1.5-L pots, containing a 3:1:1 mix of sand:soil:peat under 
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night/day conditions of 14/18°C, 90/60% relative humidity and 16-h light with a 
photosynthetically active radiation flux of 500 µmol m-2s-1 at the plant canopy level (supplied 
by 1000 W metal halide lamps, 1000 W quartz halogen lamps and 150 W tungsten 
incandescent lamps).  For the light and dark treatment experiment of 23-day-old plants fully 
expanded new leaves were collected from plants 6-h after lights on (light treatment) or from 
plants after 40-h dark treatment in a separate controlled-environment growth room with 
growth temperatures adjusted to the same conditions as light-treated plants.  Leaves from both 
light and dark-treated plants were sampled at a similar time point (within 30 min from start to 
end) to negate any impact of diurnal variation in expression.  For dark and light treatments of 
seedlings, wheat seeds were germinated in wet tissue paper for 5 days at 20°C in either 
complete darkness or continuous white fluorescence lights.  At the time of sampling, the 
residual endosperm starch of the grains was still visible.  Samples were immediately 
immersed in liquid nitrogen and stored at -80˚C prior to RNA isolation. 
 
Total RNA extraction and cDNA synthesis 
Total RNA was isolated from seedling shoots and fully expanded new leaves under dark or 
light treatment conditions using Plant RNA Reagent from Invitrogen following the 
manufacturer’s directions.  RNA was treated with RNase-Free DNase (Xue and Loveridge 
2004) and purified using the RNeasy Plant Mini-kit column (Qiagen) following the 
manufacturer’s instructions.  First strand complementary DNA (cDNA) was synthesised using 
an oligo (dT20) primer from purified total RNA using SuperScript III Reverse Transcriptase 
(Invitrogen) following the manufacturer’s instructions. 
 
Quantitative RT-PCR analysis 
Transcript levels for potential target genes were quantified by real-time PCR as described by 
Stephenson et al. (2007).  Gene specific primer pairs for TaNF-YC11 co-expressed genes are 
listed in Supplementary Table 1.  Two reference genes from Triticum aestivum were used as 
internal controls (Supplementary Table 1):  TaRPII36 is a RNA polymerase II 36 kDa subunit 
gene; TaRP15 is a RNA polymerase 15 kDa subunit gene (Xue et al. 2008).  Amplification 
efficiency for each of the primer pairs was calculated using a dilution series and relative 
quantification was calculated as 
PrPr cCsC
r
sCPtcCPt
t EE
−−
×
 (Pfaffl 2001), where Et and 
Er represents the amplification efficiencies of a target gene and a reference gene, cCPt  and 
sCPt  represent the crossing point values for a control tissue sample and a target tissue sample 
analysed using target gene specific primers and PrsC  and PrcC  represent the crossing point 
values for a target tissue sample and a control tissue sample analysed using reference gene 
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specific primers.  A mean CP value was taken from three replicate PCR reactions for each of 
three biological samples.  The specificity of the PCR reactions was determined by melting 
curve analysis of the products.  The Students t-test was performed as a test of significance of 
differences in expression levels.  P-values of ≤ 0.05 were considered to indicate statistically 
significant differences.  Pearson correlation coefficients (r) for co-expression analysis were 
calculated between potential target genes and the TaNF-YC members from light and dark 
treatments.  Significance tests of correlation coefficients were calculated using a t-
distribution, where t was calculated as
df
r
r
t
21−
= , where r represents the population size and 
df represents the degrees of freedom.  P-values ≤  0.05 were considered to indicate 
statistically significant correlations. 
 
Identification of potential target genes using Affymetrix GeneChip® data analysis and GO 
enrichment analysis 
Affymetrix wheat genome array expression datasets were collected from EMBL-EBI 
ArrayExpress Browser (http://www.ebi.ac.uk/microarray-as/ae) (Parkinson et al. 2009).  The 
Affymetrix wheat genome array contains 61,127 probe sets representing 55,052 transcripts for 
all 42 chromosomes in the wheat genome.  Eight Affymetrix datasets (E-MEXP-1193, E-
GEOD-9767, E-MEXP-971, E-GEOD-6227, E-MEXP-1523, E-GEOD-6027, E-GEOD-4935, 
E-GEOD-5942) were collected for analysis (Crismani et al. 2006; Jordan et al. 2007; Mott et 
al. 2007; Qin et al. 2008; Wan et al. 2008; Xue et al. 2008).  The raw GeneChip data was 
normalised using a robust multi-array average (RMA) using a log scale measure of expression 
(Irizarry et al. 2003) using the default settings for the Bioconductor affy package within the R 
statistical programming environment (http://www.r-project.org/) (Gautier et al. 2004) as 
described previously (Xue et al. 2008).  The normalised expression values were converted 
back to non-log values for analysis.  Probe sets representing the TaNF-YC family members 
were identified using NetAffx (http://www.affymetrix.com/analysis/) (Liu et al. 2003).  
Pearson correlation coefficients (r) were calculated between the mRNA levels of TaNF-YC 
members and those of all other genes in each Affymetrix Wheat Genome array datasets.  
Significance tests of correlation coefficients were calculated as described above.  Gene 
Ontology (GO) term enrichment analysis was performed on the list of probe sets found to 
have significantly correlated expression with TaNF-YC probe sets using the EasyGO Gene 
Ontology enrichment analysis tool (http://bioinformatics.cau.edu.cn/easygo/) (Zhou et al. 
2007).  The aspect for analysis used was Biological process.  False discovery rate (FDR) 
adjusted P-values ≤ 0.01 were considered to indicate significantly enriched GO terms.  
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Sequences representing probe sets with significantly correlated expression profiles with 
TaNF-YC members were collected from the Triticum aestivum Gene Indices (TaGI) (Release 
11.0, ftp://occams.dfci.harvard.edu/). 
 
Results 
 
Members of the TaNF-YC subunit family are upregulated by light 
To identify whether TaNF-YC members are regulated by light, quantitative Real-Time PCR 
was used to examine expression differences of TaNF-YC members between light and dark 
treatments.  The expression levels of the TaNF-YC members were analysed at two 
developmental stages in the leaf of 23-day-old plants and the shoot (consisting of leaf and leaf 
sheath) of 5-day-old seedlings and were compared between light and dark treatments.  Among 
14 TaNF-YC members (Stephenson et al. 2007), TaNF-YC4 expression was not detectable in 
wheat leaves and seedlings using three separate primer pairs attempted.  Six TaNF-YC genes 
(TaNF-YC3, 5, 8, 9, 11 & 12) were upregulated in the leaves of 23-day-old wheat plants with 
6-h exposure to light, compared to plants with 40-h dark treatment (Fig. 1A).  Light up-
regulation of these TaNF-YC members was also observed in the seedling shoot except TaNF-
YC3 which was down-regulated in the seedling (Fig. 1B).  In particular three members 
(TaNF-YC5, 11 & 12) were expressed 100- to 500-fold higher in the green shoots of seedlings 
grown under continuous white light compared to complete darkness (etiolated shoots) (Fig. 
1B).  The discrepancy in TaNF-YC3 response to light treatment between the experimental 
systems of 23-day-old plants and 5-day-old seedlings can be attributed to the difference in 
cellular sugar levels in the leaf between light- and dark-treated 23-day-old soil-grown plants.  
Sugar (sucrose and hexoses) levels are likely to be higher in light-treated plants than dark-
treated ones in the older plant system, which may lead to up-regulation of TaNF-YC3 in light-
treated plants.  In the 5-day-old seedling system, carbon is supplied by mobilisation of 
endosperm in the grain.  By the time of sampling, there was still plenty of residual starch 
visible.  The expression levels of the remaining TaNF-YC members in the leaves and seedling 
shoots showed little or no change between light and dark conditions (Fig. 1A-B). 
 
Genes that are correlated with TaNF-YC11 in Affymetrix datasets are enriched with those 
involved in photosynthesis  
To identify the potential target genes of the light-upregulated TaNF-YC members several 
Affymetrix datasets were analysed to find transcripts with significantly correlated expression 
profiles with the TaNF-YC members.  Transcripts found to be co-expressed with light-
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upregulated TaNF-YC members were then compiled into query lists which were used to 
identify their putative roles using Gene Ontology (GO) enrichment analysis. 
Of the five light-upregulated TaNF-YC members that were observed in both 5-day-old 
seedlings and 23-day-old plants, two (TaNF-YC8 & 11) had representative probe sets (100% 
sequence identities with all 11 probe sets) in the Affymetrix Wheat Genome Array 
(Supplementary Table 2).  Affymetrix datasets where TaNF-YC8 and TaNF-YC11 had 
variable expression (at least 2-fold difference in hybridisation signal within a dataset) were 
chosen to identify co-regulated transcripts.  Transcripts were selected for further analysis if 
significantly correlated expression was identified in a minimum of three separate datasets.  
Positive relationships were selected by focusing on transcripts expressed higher than their 
potential regulator (TaNF-YC8 or TaNF-YC11), based on the general assumption of signal 
amplification from a transcription factor to its target genes. About 300 probe sets were 
significantly correlated with TaNF-YC11 expression in at least three of the four datasets [E-
MEXP-1193, E-MEXP-1523, E-GEOD-6027 & E-MEXP-971(shoot)] analysed. Two 
hundred and six of the TaNF-YC11-correlated probe sets, listed in Supplementary Table 3, 
had higher expression levels than TaNF-YC11. For TaNF-YC8,  116 probe sets with had 
significantly correlated expression were found in all three datasets (E-MEXP-1193, E-GEOD-
6027 & E-GEOD-4935) analysed.  Seventy of the TaNF-YC8-correlated probe sets, listed in 
Supplementary Table 4, had higher expression levels than TaNF-YC8. 
To identify the potential roles of the transcripts represented by probe sets with 
significantly correlated expression with TaNF-YC8 or TaNF-YC11, a functional enrichment 
analysis tool for crop species was used to search for enriched Gene Ontology (GO) terms 
(Zhou et al. 2007).  As mentioned above, query lists contained a subset of co-expressed probe 
sets to focus on positive regulatory relationships.  To identify enriched terms, a comparison 
was made for each list with all other transcripts represented by probe sets in the Affymetrix 
wheat genome Array. Of the 206 probe sets in the query list for TaNF-YC11, 112 had GO 
annotations.  Sixteen GO terms were significantly enriched in the TaNF-YC11 list (Table 1).  
The most enriched term identified was photosynthesis (44 probe sets, P-value = 5.4e-43).  
Many other photosynthesis-related terms were also identified to be enriched within the TaNF-
YC11 query list (Table 1).  A list of TaNF-YC11-correlated photosynthetic genes is shown in 
Table 2.  Of the 70 probe sets in the query list for TaNF-YC8, 22 had GO annotations.  No 
GO terms were identified to be enriched within the TaNF-YC8 query list. 
The combination of co-expression and GO enrichment analyses has identified that 
photosynthesis-related genes are enriched within transcripts found to be significantly 
correlated with TaNF-YC11.  TaNF-YC8 correlated transcripts had no enriched roles and for 
this reason no further investigation could be conducted for this member.  The most 
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significantly enriched term identified was photosynthesis providing the impetus for further 
investigation into the TaNF-YC11 co-expressed transcripts. 
 
TaNF-YC11 co-expressed genes contain putative CCAAT motifs in the promoters regions 
To support the hypothesis that genes identified using co-expression and GO enrichment 
analyses are potential targets regulated by NF-Y complexes containing the light-upregulated 
TaNF-YC members, the presence of the CCAAT-box binding site in the promoters of TaNF-
YC11-correlated genes is an essential requirement.  The light-responsive CCAAT-elements 
have been documented in at least nine light-upregulated photosynthetic genes in plants 
(Kehoe et al., 1994; Kusnetsov et al., 1999).  Sequence alignment of these plant CCAAT-
elements showed some degree of similarity in those of the NF-Y consensus in higher 
eukaryotes (Figure 2A-C). 
Sequence search for the promoters of TaNF-YC11-correlated genes in the NCBI 
sequence databases identified 5 promoters: chlorophyll a/b-binding protein (cab1) (X05823), 
thylakoid ascorbate peroxidase (AY513261),  chloroplast ferredoxin (X75089), chloroplast 
fructose-1,6-bisphosphatase (X53957 and A20727) and sedoheptulose-1,7-bisphosphatase 
(S63737).  As preferred sequences flanking the CCAAT-box in plants are currently unknown, 
the core CCAAT motif was used as the potential binding sites of plant NF-Y complex.  To 
reduce the rate of false positives, the presence of the CCAAT was searched only within 500 
bp upstream of the translation start codon (transcription start sites of most of these promoters 
are not known), as the CCAAT motifs are typically located within 300 bp upstream of the 
transcription start site in yeast and mammalian genes (Mantovani, 1998). This analysis 
revealed that all five promoters contained at least one CCAAT-box within the region (Figure 
2D).  In particular, one of the CCAAT motif regions in the TaCab1 promoter is known to be 
light-responsive (Nagy et al. 1987). 
 
TaNF-YC11 co-expressed genes are upregulated by light in the leaf and seedling shoot 
To investigate whether the TaNF-YC11-correlated photosynthesis-related transcripts 
identified from the Affymetrix datasets are light regulated and co-regulated with TaNF-YC11 
in response to light and dark treatments,  quantitative RT-PCR analysis of their transcript 
levels was performed.  Gene specific primers were designed for thirteen of TaNF-YC11 co-
expressed transcripts identified to have the significantly enriched GO term of photosynthesis.  
The transcript levels of the selected genes (TaATPa9, TaATPaG, TaCAB, TaFBPa5, TaFNR, 
TaGluTR, TaLHCII, TaLHCI, TaOEE, TaPC, TaPSIK, TaPSIN & TaTRXM) were all 
significantly upregulated by light in the leaves of 23-day-old plants (Fig. 3A).  All but three 
(TaGluTR, TaPC & TaTRXM) of these genes were also upregulated by light in the seedling 
 10 
shoots (Fig. 3B).  The expression levels of 10 potential target genes were significantly 
correlated with that of TaNF-YC11 among the leaf or seedling samples of plants with light or 
dark treatment (Table 4).  These results support those from the Affymetrix datasets. 
 
Discussion 
 
Light-mediated gene regulation is necessary for many important physiological processes in 
plants, including photosynthesis.  In this study we investigated members of the TaNF-YC 
subunit family that are involved in light-mediated regulation of gene expression.  Five TaNF-
YC members were found to be upregulated by light in both the leaf of 23-day-old plants and 
the shoot of 5-day-old seedlings.  Four of these light-upregulated TaNF-YC members (TaNF-
YC5, 8, 11 & 12) have been shown to be expressed highest in the leaf, while the other one 
(TaNF-YC9) is expressed highest in the pre-anthesis spike (Stephenson et al. 2007).  Both leaf 
and pre-anthesis spike possess strong photosynthetic activity.  TaNF-YC5, TaNF-YC11 and 
TaNF-YC12 cluster with the rice NF-YC member OsHAP5C (Supplementary Fig. 1).  Like 
TaNF-YC5, 11 & 12, OsHAP5C is expressed highest in the leaf.  However, it is unknown 
whether OsHAP5C is light-responsive in rice.  TaNF-YC5, 11 & 12 also cluster with two 
Arabidopsis NF-YC members (AtNF-YC1 & AtNF-YC4) (Supplementary Fig. 1).  T-DNA 
insertional mutants of AtNF-YC1 and AtNF-YC4 did not prevent the expression of light 
harvesting chlorophyll a/b-binding proteins in response to blue light (Warpeha et al. 2007).  
The promoter activity analysis of AtNF-YC1 and AtNF-YC4 using promoter:GUS fusion 
transgenic Arabidopsis showed a similar GUS staining intensity between dark and light grown 
seedlings (Siefers et al. 2009).  This expression pattern of AtNF-YC1 and AtNF-YC4 differs 
from that of TaNF-YC11, which was essentially not expressed in the dark-grown wheat 
seedling.  TaNF-YC9 cluster with the rice NF-YC member OsHAP5D (Supplementary Fig. 
1).  OsHAP5D is known to interact with OsHAP3A and has a potential role in plastid 
development (Thirumurugan et al. 2008).  TaNF-YC8 clusters with three Arabidopsis NF-YC 
members (AtNF-YC10, 11, & 13).  Two of these Arabidopsis NF-YC members (AtNF-YC10 
& 11) are expressed strongly in the dark while the third (AtNF-YC13) is not (Siefers et al. 
2009). 
 Transcription factors (TFs) play a pivotal role in regulation of gene expression.  The 
abundance of a TF directly impacts on the expression of its target genes (Kagaya et al. 2005; 
Miyoshi et al. 2003; Mendoza et al. 2005; Zuo et al. 2007).  Therefore, identification of TF 
target genes can be partially predicted by identifying transcripts with correlated expression, 
particularly if identified in response to multiple conditions.  Significantly correlated 
expression between a TF and another transcript alone does not indicate a regulatory 
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relationship, when combined with additional data, such as a known TF binding site and 
enriched Gene Ontology (GO) terms, target gene predictions can be made with relatively high 
accuracy (Cai et al. 2007; Haverty et al. 2004; Zheng et al. 2003). 
 To identify the potential target genes for light-regulated TaNF-YC members, genome-
wide expression correlation analysis was performed using multiple Affymetrix wheat genome 
array datasets.  The wheat genome array represents over 55,000 transcripts covering all 42 
chromosomes.  However, only two (TaNF-YC8 & 11) of the five light-regulated TaNF-YC 
members have representative probe sets.  The expression of all transcripts in the wheat 
genome array was compared with TaNF-YC8 or TaNF-YC11 in 3-4 separate datasets.  
Transcripts with significantly correlated expression in at least three datasets were analysed for 
common roles based on GO terms using a functional enrichment analysis tool (Ashburner et 
al. 2000; Zhou et al. 2007).  This genome-wide expression analysis identified over 200 genes 
that have significantly correlated expression with TaNF-YC11.  Moreover, the GO term, 
photosynthesis, is significantly enriched in the list of transcripts with correlated expression 
with TaNF-YC11.  Expression analysis of a subset of TaNF-YC11-correlated photosynthetic 
genes in wheat leaves and seedling shoots in response to light showed that these genes were 
also upregulated by light and were highly correlated in expression with TaNF-YC11 in these 
datasets. 
 In silico prediction of TF target genes often includes the identification of over 
represented TF binding sites in co-regulated genes (Aerts et al. 2003; Brazma et al. 1998; 
Cora et al. 2004; Elkon et al. 2003; Liu et al. 2003; Sharan et al. 2003).  The NF-Y binding 
site (CCAAT-box) is well characterised in mammals and yeast (Mantovani 1998) and light-
responsive CCAAT elements have been reported in the promoters of photosynthetic genes in 
plants (Nagy et al., 1987; Kehoe et al. 1994; Kusnetsov et al., 1999).  An extensive search for 
the promoter sequences of TaNF-YC11-correlated genes identified five sequences in the 
NCBI databases and all these genes contained at least one CCAAT-box within 500 bp 
upstream of translation start codon. The occurrence of the core CCAAT motif in Arabidopsis 
promoters in the region between -1000 and +200 from the transcription start site is about 12 
sites per 100 promoters (Siefers et al., 2009).  In comparison with the Arabidopsis data, the 
promoters of these TaNF-YC11-correlated genes are clearly enriched with CCAAT motifs.  
Furthermore, a promoter deletion study has shown that one of the CCAAT motif regions in 
the promoter of wheat Cab1 is responsible for the light up-regulation (Nagy et al. 1987).  The 
identification of potential NF-Y binding sites provides additional evidence supporting that 
these TaNF-YC-correlated genes are potential targets. 
The energy requirements of plants are fulfilled through photosynthesis.  However, 
light quality and intensity as well as daily dark-light cycles necessitate constant regulation of 
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genes encoding key enzymes and proteins within the photosynthetic pathways.  The principal 
converters of sunlight into chemical energy are the four thylakoid membrane bound 
complexes, photosystem I (PSI), photosystem II (PSII), cytochrome b6f, and ATP synthase 
(Baniulis et al. 2008; Barber 2002; McCarty et al. 2000; Scheller et al. 2001).  PSII is a 
multimeric complex comprised of ~30 subunits driving the oxidation of water during 
photosynthesis (Barber 2002).  Cytochrome b6f mediates electron transfer from PSII to PSI 
coupled with proton translocations across the membrane (proton motive force) (Baniulis et al. 
2008; Cramer et al. 2004).  PSI is a highly efficient photochemical system catalysing the 
light-driven electron transfer from plastocyanin to ferredoxin (Fdn) (Amunts et al. 2008).  Our 
data showed that TaNF-YC11 was one of the potential regulators of genes encoding ATP 
synthase, ferredoxin and subunits of PSI, PSII and cytochrome b6f. 
 The carbon reduction cycle is the primary pathway for carbon fixation in C3 plants 
such as wheat.  Chemical energy generated in the light reactions of photosynthesis is used to 
power the Calvin cycles for the fixation of CO2.  Ribulose 1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) catalyses the first step in the net photosynthetic CO2 
assimilation and photorespiratory carbon oxidation (Zelitch 1975).  Rubisco is a highly 
inefficient enzyme and is considered a rate limiting factor for carbon assimilation (Hudson et 
al. 1992; Makino et al. 1985).  The dephosphorylation of sedoheptulose-1,7-biphosphate by 
sedoheptulose-1,7-bisphosphatase (SBPase) during the regenerative stage of the Calvin cycle 
is another rate limiting step (Raines et al. 2000).  Decreases in both photosynthetic capacity 
and carbon assimilation result from the reduced levels of SBPase (Harrison et al. 1997).  
Another rate limiting step in the Calvin cycle is the conversion of fructose-1,6-biphosphate to 
fructose-6-phosphate by fructose-1,6-bisphosphatase (FBPase) (Bassham et al. 1969).  Over-
expression of SBPase and FBPase leads to the increased rates of photosynthesis and plant 
growth (Tamoi et al. 2006).  Data from this study indicate that genes encoding Rubisco, 
SBPase and chloroplast FBPase are also potential target genes of TaNF-YC11. 
 Light is available at intensities in excess of the current capabilities of C3 
photosynthesis in crops such as rice and wheat (Sharkey 1985).  All stages of photosynthesis 
occur simultaneously at the rate of the slowest step.  Increasing the expression of genes 
encoding rate limiting enzymes in the Calvin cycle could potentially improve overall 
photosynthesis rates and consequently growth rates (Lefebvre et al. 2005).  If TaNF-YC11 
regulates subunit members and rate-limiting enzymes in photosynthesis, there is potential to 
increase the light saturation point and carbon assimilation of C3 crops by over-expression of 
TaNF-YC11 and its interacting partners, which awaits further investigation. 
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Table 1  Enriched GO terms within TaNF-YC11-correlated probe sets.  GO term enrichment 
analysis was performed using the EasyGO Gene Ontology enrichment analysis tool 
(http://bioinformatics.cau.edu.cn/easygo/) (Zhou et al. 2007).  GO ID indicates the Gene 
Ontology Identifier.  Term is the description associated with each GO ID.  # genes indicates 
the number of genes within each probe set list with the associated term.  The aspect for 
analysis used was Biological process.  FDR P-values are the false discovery rate adjusted 
probability values 
 
GO ID Term # genes FDR P-value 
GO:0015979 photosynthesis 44 5.4E-43 
GO:0019684 photosynthesis, light reaction 28 8.5E-29 
GO:0006091 generation of precursor metabolites and energy 36 5.3E-20 
GO:0009767 photosynthetic electron transport chain 13 8.8E-15 
GO:0019684 photosynthesis, light harvesting 14 6.8E-14 
GO:0015977 carbon utilization by fixation of carbon dioxide 17 2.6E-13 
GO:0015976 carbon utilization 17 1.1E-12 
GO:0022900 electron transport chain 14 6.4E-11 
GO:0055114 oxidation reduction 14 6.4E-11 
GO:0009773 photosynthetic electron transport in photosystem I 7 8.4E-10 
GO:0009768 photosynthesis, light harvesting in photosystem I 7 1.2E-07 
GO:0009769 photosynthesis, light harvesting in photosystem II 7 1.6E-06 
GO:0019253 reductive pentose-phosphate cycle 6 1.2E-05 
GO:0019685 photosynthesis, dark reaction 6 1.2E-05 
GO:0009409 response to cold 11 2.6E-03 
GO:0008152 metabolic process 75 2.5E-02 
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Table 2  Photosynthesis-related transcripts correlated with the mRNA levels of TaNF-YC11 
in Affymetrix genome arrays.  Pearson correlation coefficients (r) were calculated for the 
expression profiles of all probe sets compared to Ta.22404.1.S1_at (TaNF-YC11) in four 
Affymetrix datasets: developing grain (E-MEXP-1193), heat-stressed leaf (E-MEXP-1523), 
developing anthers (E-GEOD-6027) and salt-stressed shoot (E-MEXP-971).  Affymetrix IDs 
are the unique Affymetrix probe set identifiers.  TaGI IDs are the Triticum aestivum Gene 
Index identifiers for contigs most likely represented by each probe set.  Statistical significance 
of each r value was calculated using a t-distribution.  Statistical significance of correlations is 
indicated by triple asterisks (P ≤  0.001), double asterisks (P ≤  0.01) and a single asterisk (P 
≤  0.05) 
Affy ID TaGI ID Annotation Developi
ng grain 
Heat-
stressed 
leaf 
Developi
ng 
anthers 
Salt-
stress 
shoot 
Ta.1130.3.S1_x_at TC321544  Chlorophyll a-b binding protein of light-
harvesting complex II ( LHCII) type III, 
chloroplast  
0.62*** 0.83*** 0.76*** 0.27 
Ta.1135.1.S1_at TC285503  Glyceraldehyde-3-phosphate dehydrogenase 
B, chloroplast  
0.55*** 0.07 0.77*** 0.92*** 
Ta.1167.1.S1_at TC309636  Ferredoxin-NADP reductase, leaf isozyme, 
chloroplast  
0.6*** 0.28 0.85*** 0.91*** 
Ta.1988.1.S1_x_at TC296071  Sedoheptulose-1,7-bisphosphatase, chloroplast  0.54*** 0.43* 0.82*** 0.96*** 
Ta.1988.2.S1_x_at  TC282265 Sedoheptulose-1,7-bisphosphatase, chloroplast 0.52** 0.28 0.85*** 0.96*** 
Ta.1988.3.S1_at TC303696  Sedoheptulose-1,7-bisphosphatase, chloroplast 0.56*** 0.16 0.83*** 0.91*** 
Ta.1988.3.S1_x_at TC303696  Sedoheptulose-1,7-bisphosphatase, chloroplast  0.56*** 0.36 0.84*** 0.96*** 
Ta.20639.1.S1_x_at TC277936  Chlorophyll a/b-binding protein  0.64*** 0.82*** 0.79*** 0.86*** 
Ta.20639.2.A1_at TC287435  Chlorophyll a/b-binding protein 0.57*** 0.85*** 0.84*** 0.9*** 
Ta.20639.2.A1_x_at TC287435  Chlorophyll a/b-binding protein  0.63*** 0.78*** 0.81*** 0.9*** 
Ta.20639.3.S1_a_at TC290903  Chlorophyll a/b-binding protein  0.71*** 0.89*** 0.73*** 0.9*** 
Ta.20639.3.S1_x_at TC290903  Chlorophyll a/b-binding protein  0.55*** 0.9*** 0.74*** 0.89*** 
Ta.22101.1.A1_at CA721955  Chlorophyll a-b binding protein 1, chloroplast  0.64*** 0.79*** 0.88*** 0.6*** 
Ta.2383.1.S1_s_at TC291505  Proton gradient regulation 5 chloroplastic  0.62*** -0.22 0.82*** 0.99*** 
Ta.2383.2.S1_a_at CA620041  Proton gradient regulation 5 chloroplastic 0.66*** -0.32 0.83*** 0.98*** 
Ta.2402.3.S1_x_at TC354919  Chlorophyll a-b binding protein 6A, 
chloroplast  
0.64*** 0.8*** 0.68*** 0.93*** 
Ta.25600.1.S1_x_at TC294318  Chlorophyll a/b-binding apoprotein CP24  0.57*** 0.75*** 0.75*** 0.91*** 
Ta.2742.2.S1_a_at TC304703  Proton gradient regulation 5-like A 0.59*** 0.54** 0.79*** 0.95*** 
Ta.2742.3.S1_x_at TC288984  cyclic electron transport around photosystem I 
(PGR5A) 
0.77*** 0.56** 0.67*** 0.93*** 
Ta.27646.1.S1_at TC339855  Chlorophyll a-b binding protein 8, chloroplast  0.66*** 0.85*** 0.84*** 0.82*** 
Ta.27646.1.S1_x_at TC331302  Chlorophyll a-b binding protein 8, chloroplast  0.67*** 0.85*** 0.83*** 0.64*** 
Ta.27751.6.S1_at TC306088  Chlorophyll a-b binding protein, chloroplast  0.59*** 0.85*** 0.85*** 0.75*** 
Ta.28363.1.A1_at TC293434  Photosystem I reaction centre subunit N, 
chloroplast (PSI-N) 
0.59*** 0.73*** 0.75*** 0.96*** 
Ta.28363.1.A1_x_at TC293434  Photosystem I reaction centre subunit N, 
chloroplast (PSI-N) 
0.62*** 0.71*** 0.74*** 0.95*** 
Ta.28363.2.S1_a_at TC302457  Photosystem I reaction centre subunit N  
chloroplast (PSI- N) 
0.66*** 0.67*** 0.84*** 0.93*** 
Ta.28697.3.S1_at TC279817  Chlorophyll a-b binding protein 7, chloroplast  0.59*** 0.68*** 0.85*** 0.91*** 
Ta.30727.1.S1_at TC289661  Light-harvesting complex IIa protein 0.64*** 0.83*** 0.59** 0.63*** 
Ta.3249.1.S1_at TC277865  Chlorophyll a/b-binding protein WCAB  0.54*** 0.69*** 0.78*** 0.89*** 
Ta.3249.2.S1_x_at TC282377  Chlorophyll a/b-binding protein WCAB  0.64*** 0.7*** 0.81*** 0.6*** 
Ta.3249.3.A1_at TC297579  Chlorophyll a/b-binding protein WCAB  0.62*** 0.67*** 0.73*** 0.87*** 
Ta.347.3.S1_x_at TC280225  Ribulose-5-phosphate-3-epimerase 0.54*** 0.2 0.75*** 0.93*** 
Ta.3581.1.S1_x_at TC277864  Photosystem I reaction center subunit III, 
chloroplast (LHC I 17 kDa protein) (PSI-F) 
0.63*** 0.83*** 0.83*** 0.91*** 
Ta.3581.3.S1_x_at TC290103  Photosystem I reaction center subunit III, 
chloroplast (LHC I 17 kDa protein) (PSI-F) 
0.52** 0.83*** 0.8*** 0.9*** 
Ta.4346.1.A1_x_at TC279724  Chlorophyll a-b binding protein, chloroplast 
(LHCII type I CAB)  
0.6*** 0.56** 0.87*** 0.84*** 
Ta.8061.1.S1_at TC317800  Photosystem II reaction center W protein 0.52** -0.23 0.76*** 0.97*** 
Ta.841.1.S1_a_at TC288877  Oxygen-evolving enhancer protein 1, 
chloroplast  
0.72*** 0.8*** 0.73*** 0.65*** 
Ta.85.1.S1_at TC277987  Oxygen-evolving enhancer protein 2, 
chloroplast  
0.65*** 0.71*** 0.77*** 0.8*** 
Ta.861.1.S1_at TC336547  Cytochrome b6-f complex iron-sulfur subunit, 
chloroplast 
0.57*** -0.47* 0.72*** 0.95*** 
Ta.881.1.S1_a_at TC283142  Light-harvesting complex protein 0.58*** 0.25 0.78*** 0.95*** 
Ta.881.2.S1_a_at TC278413  Light-harvesting complex protein 0.73*** 0.15 0.82*** 0.91*** 
Ta.881.2.S1_x_at TC278413  Light-harvesting complex protein 0.67*** 0.13 0.87*** 0.93*** 
TaAffx.80290.1.S1_at   TC285357 Ferredoxin, chloroplast  0.52** 0.41* 0.79*** 0.95*** 
TaAffx.80290.1.S1_x_a
t 
  TC285357 Ferredoxin, chloroplast  0.56*** 0.37* 0.76*** 0.97*** 
TaAffx.80290.2.S1_at TC305823  Ferredoxin, chloroplast  0.53*** 0.18 0.81*** 0.9*** 
 
 20 
Table 3  Expression correlations of potential TaNF-YC11 target genes with TaNF-YC11 in 
wheat leaves and seedling shoots with dark or light treatment.  Gene ID represents identifiers 
based on annotation of similar sequences from model organism and full names are listed 
above.  TaGI represents the Triticum aestivum Gene Index identifiers.  r values represent 
Pearson correlation coefficients calculated for the expression profiles of the potential target 
genes and TaNF-YC11.  Statistical significance of each r value was calculated using a t-
distribution.  Statistical significance of correlations is indicated by triple asterisks (P ≤  
0.001), double asterisks (P ≤  0.01) and a single asterisk (P ≤  0.05) 
 
Correlation coefficient (r) Gene ID TaGI 
Leaf Seedling 
TaATPa9 TC324139 0.96** 0.93** 
TaATPaG TC280940 0.95** 0.93** 
TaCAB TC287435 0.96** 0.98*** 
TaFBPa5 TC277182 0.93** 0.95** 
TaFNR TC309636 0.93** 0.99*** 
TaGluTR TC293908 0.94** 0.32 
TaLHCII TC289661 0.96** 0.95** 
TaLHCI TC279817 0.94** 0.96** 
TaOEE TC288877 0.89** 0.94** 
TaPC CA598047 0.94** 0.76* 
TaPSIK TC296414 0.97*** 0.96** 
TaPSIN TC293434 0.96** 0.97*** 
TaTRXM TC354027 0.97*** 0.33 
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TaNF-YC gene expression levels in the seedling in response to 
light
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Figure 1  Changes in the mRNA levels of wheat NF-YC genes in the leaf and seedling shoot 
in response to dark and light growth-conditions.  (A) Expression changes in the leaf of 23-
day-old plants; (B) expression changes in the seedlings with relative expression levels 
presented using a logarithmic scale.  Transcript level is expressed relative to the dark-growth 
conditions.   Values are means +SD of three biological samples.  Each sample was analysed 
with triplicate PCR assays.  Statistical significance of differences was analysed using the 
Students t-test and is indicated by triple asterisks (P ≤  0.001), double asterisks (P ≤  0.01) 
and a single asterisk (P ≤  0.05).  The sequences of these TaNF-YC genes were documented 
previously (Stephenson et al. 2007) 
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A. Light-responsive plant CCAAT box
LgCabAB19     TCAACCAATCCCA 
TaCab1        TGCACCAATGGCA
AtCab140      CTAGCCAATAGCA
AtCab165      AAATCCAATGAAT   
AtCab180      AAATCCAATGAGT  
PsCabAB215    ACAACCAATAAGA
PsCab8        ACTCCCAATGAAA 
ZmCab1        CGAGCCAATGGCA
SoAtpC AAATTCAATGGCC
B. Plant light-
responsive 
CCAAT-box logo
RRCCAATSRC. NF-Y consensus 
in higher eukaryotes R = A or G 
S = G or C
D. CCAAT-box in the promoters 
(between -500bp and -80bp relative to 
translation start codon) of TaNF-YC11-
correlated wheat genes
Cab1 TGCACCAATGGCA
CCAACCAATTAAT
tAPX TGGTCCAATTTTG
GTCGCCAATCGAC
ATGACCAATATAT
TGGACCAATTGAG
CAGCCCAATAATA
petF GAAACCAATAGGG
CCAACCAATTAAA
CCCTCCAATCCCT
cFBPase GCCCCCAATCCAC
GGAACCAATGGAA
cSBPase GCAACCAATCTGA
 
 
Figure 2  Plant light-responsive CCAAT-box in the promoters of photosynthetic genes and 
CCAAT-box in the promoters of TaNF-YC11-correlated genes.  (A) Plant light-responsive 
CCAAT motifs reported by Kehoe et al. (1994) and Kusnetsov et al. (1999).  (B) Plant light-
responsive CCAAT logo. Sequence logo was created in the Weblogo website 
(http://weblogo.berkeley.edu/logo.cgi).  (C)  NF-Y consensus sequences in higher eukaryotes 
reported by Mantovani (1998).  (D) CCAAT motifs in the promoters of TaNF-YC11-
correlated genes. LgCabAB19, Lemna gibba chlorophyll a/b-binding protein (M12152); 
TaCab1 or Cab1, Triticum aestivum cab1 (X05823, Affymetrix probe set = 
Ta.4346.1.A1_x_at); AtCab140, Arabidopsis thaliana cab140 (X03909);  AtCab165, A. 
thaliana cab165 (X03907); AtCab180, A. thaliana cab180 (X03908);  PscabAB215, Pisum 
sativum Cab II (X57082); PsCab8, P. sativum Cab-8 (X56538);  ZmCab1,  Zea mays cab-1 
(X14794); SoAtpC, Spinacia oleracea AtpC gene for chloroplast ATP synthase (X17257); 
tAPX, T. aestivum thylakoid ascorbate peroxidase (AY513261, Ta.11386.2.S1_a_at); petF, T. 
aestivum chloroplast ferredoxin (X75089, TaAffx.80290.1.S1_x_at); cFBPase, T. aestivum 
chloroplast fructose-1,6-bisphosphatase (X53957, Ta.439.1.S1_at); cSBPase, T. aestivum 
sedoheptulose-1,7-bisphosphatase (S63737, Ta.1988.2.S1_x_at) 
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Figure 3  Changes in the mRNA levels of TaNF-YC11 co-expressed genes in wheat leaves (A) and seedling shoots 
(B) in response to light.  Transcript level is expressed relative to the dark conditions.  Values are means +SD of 
three biological samples.  Each sample was analysed with triplicate PCR assays.  Statistical significance of 
differences was analysed using the Students t-test and is indicated by triple asterisks (P ≤  0.001) and double 
asterisks (P ≤  0.01). TaATPa9, ATP synthase B chain; TaATPaG, ATP synthase gamma chain; TaCAB, 
chlorophyll a/b-binding protein 4; TaFBPa5, Fructose-1,6-bisphosphatase; TaFNR, ferredoxin-NADP(H) 
oxidoreductase; TaGluTR, glutamyl-tRNA reductase; TaLHCII, light-harvesting complex IIa protein; TaLHCI, 
chlorophyll a/b-binding protein 7; TaOEE, oxygen-evolving enhancer protein 1; TaPC, plastocyanin; TaPSIK, 
photosystem I reaction center subunit K; TaPSIN, photosystem I reaction center subunit N; TaTRXM, thioredoxin 
M-type. The TC #s or GenBank accession # for these genes are listed in Table 3 
